In this work, we add a small amount of a guest-host dye G-206 in the polymer-dispersed liquid crystal mixtures to fabricate holographic gratings. Following formation, the grating is irradiated by a single Ar ϩ laser beam while probed by a He-Ne laser. Experimental results indicate that the first-order diffracted intensity of the probe beam increases significantly. Such an optically switchable diffraction effect is attributed to thermal expansion. The G-206 dye absorbs the Ar ϩ laser, subsequently resulting in thermal expansion. The liquid crystal ͑LC͒ droplets are then squeezed so that the LC molecules within the droplets are reoriented collectively. Thus, the refractive index difference between the LC-rich and polymer-rich stripes ⌬n increases. © 1999 American Institute of Physics. ͓S0003-6951͑99͒04318-1͔
Holographic recording materials based on photopolymerizable systems have greatly added to the recent growth of holographic applications, particularly in information processing, 1 optical interconnect, 2 and in the use of holographic interferometry, 3 while studying local deformations and microdisplacements. Holographic gratings in these materials can be formed in a single-step process at a relatively high speed. In addition, selecting different sensitizing dyes allows the use of several different optical recording wavelengths. The feasibility of developing and applying electrically switchable holographic gratings has gained increasing interest. 4, 5 Of particular interest has been the use of films of polymer-dispersed liquid crystal ͑PDLC͒ materials.
PDLCs have received considerable attention because of their fundamental importance and potential use as displays 6, 7 and other light control applications. 8, 9 PDLC films, which consist of micron-sized liquid crystalline droplets dispersed in a polymer matrix, can be rapidly (ϳ10 ms) switched from a light scattering state to a transparent one by electric fields on the order of 10 4 V/cm. Fabricating and characterizing holographic gratings in novel PDLC systems have received increasing attention. 10, 11 The formed grating/hologram, although permanent, can be electrically switchable. The switchable voltage is about 5-10 V/m, which is relatively large and may damage the cell. In this study, we investigate optically switchable holographic gratings based on PDLC films. According to our results, the diffraction efficiency of a grating probed by a He-Ne laser significantly varies when illuminated with a Ar ϩ laser power exceeding 100 mW ͑unfocused͒. The diffraction efficiency returns to its initial value when the Ar ϩ laser is switched off. Optically switching gratings hold an advantage over those of electrically switching gratings in that no voltage is necessary. Consequently, the sample does not burn out. To our knowledge, this is the first study to report on such an optically switchable grating in the PDLC system.
The liquid crystal, monomer, crosslinking agent, and coinitiator used in this experiment were E7 ͑E. Merck͒, dipentaerythritol pentaacrylate ͑DPPA; polysciences͒, 1-vinyl-2-pyrrolidinone ͑NVP; Aldrich͒, and N-phenylglycine ͑NPG; Aldrich͒, respectively. While preparing the sample, a small amount of photoinitiator dye, rose bengal ͑RB͒ and guesthost dye G-206 ͑Nippon Kankoh-Shikiso Kenkyusho͒ were added in PDLC mixtures. The function of RB dye is to form free radicals and, then, initiate polymerization of DPPA and NVP in the presence of NPG under the illumination of the film to a green-blue light. Herein, G-206 dye was used to induce thermal expansion, subsequently creating the optically switching effect. Details are discussed later. As generally known, a guest-host dye can also enhance the molecular reorientation of liquid crystals.
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In our experiment, the mixing ratio of the above components was 50.1 wt % of DPPA, 8 wt % of NVP, 40 wt % of E7, 0.5 wt % of NPG, 0.7 wt % of RB, and 0.7 wt % of G-206 dye. Drops of the homogeneously mixed compound were then sandwiched between two indium-tin-oxide ͑ITO͒ coated glass slides separated by 36-m-thick plastic spacers to form a sample.
A previous investigation provided the experimental setup used herein and its principle to form PDLC gratings. 5 Briefly, two writing beams, E 1 and E 2 , derived from an Ar ϩ laser (ϭ514.5 nm) intersected at angle ϳ3°. They were unfocused, each having a beam diameter ϳ4 mm. They had a roughly equal power, which was varied in this experiment from 1 to 50 mW. During the writing of a grating, an unpolarized He-Ne laser was introduced in the plane determined by beams E 1 and E 2 to probe the writing region of the sample. One of the first-order diffracted beam intensities was monitored as the grating was formed. A recent study examined the dynamical behavior of gratings formed in PDLC films. 5 In this experiment, we used dynamic monitoring to ensure that the polymerization was completed during the writing of a grating. The writing beams (Ar ϩ lasers͒ were turned off once the diffracted intensity of the probe beam ͑He-Ne laser͒ reached the final stable value. Next, the polymerization that induced phase separation and subsequently formed the PDLC gratings was considered to be completed. The morphology of written gratings was also examined using scanning electron microscopy ͑SEM͒. The preparation of SEM samples was reported in Ref. 11 . Figure 1 depicts the surface-view SEM images of the PDLC gratings written with various intensities. As well known, the LC droplet size within a PDLC film decreases with an increasing curing rate. Figure 1 confirms this finding. After curing, the gratings had a reddish color owing to the doping of G-206 dye. In a separate experiment, we measured the absorption spectrum of G-206 dissolved in an uncured PDLC compound. The result is shown in Fig. 2 . It reveals that the absorption spectrum has a peak at ϳ432 nm. In addition, the spectrum is relatively broad and covers the Ar ϩ laser lasing at 514.5 nm ͑the absorption at this wavelength is ϳa quarter of that at peak͒. However, the He-Ne laser ( ϭ632.8 nm) is not absorbed by G-206.
An optically switchable experiment was performed with the grating illuminated by a pulse of an Ar ϩ laser ͑600 mW͒ having a duration of ϳ3 s ͓Fig. 3͑a͔͒. The laser pulse was obtained by chopping a continuous wave ͑cw͒ laser beam.
Meanwhile, an unpolarized He-Ne laser was incident normally onto the grating. The change of the first-order diffracted beam intensity was monitored. Figure 3͑b͒ summarizes the results obtained from gratings written with various intensities as labeled along the curves. According to Fig. 3 , the switching effect is obvious. These curves all behave similarly, i.e., once the switching pulse is on, the intensity of the first-order diffracted beam increases, then saturates. When the pulse is off, it falls to the initial value. However, the saturated diffraction intensity initially increases for gratings written with increasing intensities ͑1-25 mW͒, then decreases for further increasing intensities ͑36-50 mW͒.
We believe that such an optically switching effect is attributed to the thermal effect. The G-206 dye absorbs the Ar ϩ laser, resulting in thermal expansion of the grating. This expansion subsequently squeezes the LC droplets, thereby reorienting the LC molecules with their long axes parallel to the grating stripes collectively. Thus, the refractive difference between the LC-rich and polymer-rich stripes ⌬n increases. Once the heating laser pulse (Ar ϩ laser pulse͒ is turned off, LC molecules return to their original orientation. Therefore, the diffracted intensity returns to the original value. Herein, a control experiment was performed to confirm that the switching is attributed to the addition of the G-206 dye. Experimental results ͑not shown͒ indicate that the first-order diffraction intensity of the probe did not change with the grating illuminated by a Ar ϩ laser pulse without the addition of the G-206 dye.
Based on the thermal expansion model, the results in Fig. 3͑b͒ can be interpreted as follows. According to Fig. 1 , LC droplets formed in gratings written with higher beam intensities are smaller. Thus, we speculate that the smaller LC droplets imply a stronger reorientation of the LC molecules within the droplets due to the squeezing effect. Consequently, ⌬n increases and, in doing so, increases the saturated diffracted intensity during optical switching, as shown in Fig. 3͑b͒ . However, when the written intensities exceed 25 mW, the LC droplets are so small ͑note that their morphologies in Fig. 1 reveal no droplets formation under the amplification ϫ1500) that the LC molecules within them are more difficult to be reoriented. Therefore, the saturated diffracted intensity decreases ͓Fig. 3͑b͔͒. In addition to the thermal expansion effect, the change of the first-order diffracted beam intensity of the probe beam during the heating of a PDLC grating by the Ar ϩ laser pulse may be attributed to the dependence of the refractive index of both the liquid crystal and polymer on temperature. For nematics, we have dn e /dTϽ0 and dn o /dTϾ0, where n e , n o denote the extraordinary and ordinary refractive index, respectively. Since the probe beam is unpolarized, the net effect in changing the LC refractive index due to temperature can be considered to be insignificant. Furthermore, the temperature dependence of the polymer's refractive index is negligible.
Next, an attempt was made to confirm whether or not the LC molecules reorient because of the thermal expansion while heating the grating. Herein, we more closely examined the change of the first-order diffracted intensity of the probe beam as a function of angle made between the polarization of the probe beam with respect to the stripes direction of the grating. In this portion of the experiment, a PDLC grating written with 12 mW Ar ϩ laser was used as a sample. An unfocused cw Ar ϩ laser ͑as a heating source͒ having various powers ͑0-300 mW͒ was incident onto the grating at an angle ϳ1.5°. Its polarization was made parallel to the grating stripes. An unpolarized He-Ne probe laser was normally incident onto the sample through a polarizer, which can be rotated to change the angle . Since the refractive index of the polymer-rich regions is independent of the He-Ne laser's polarization, the change of the probe beam's diffraction intensity with the angle then reflects the refractive index change of LC-rich region owing to the molecular reorientation. Figure 4 plots some results obtained using three Ar ϩ laser intensities. Figure 5 summarizes the overall results. This figure plots the peak angle and its corresponding diffraction intensity illustrated in Fig. 4 as a function of the heating beam (Ar ϩ laser͒ power. According to this figure, the orientation of LC molecules initially ͑when the heating Ar ϩ laser is off͒ makes an angle ϳ25°with the grating's stripe direction. However, the orientational order is low, since the change of the probe beam's diffraction intensity from the minimum to the maximum is small ͑Fig. 4͒. As the Ar ϩ laser power increases, the orientation of LC molecules gradually becomes parallel to the grating stripes ͑0°or 180°͒. Moreover, the orientation order becomes higher as well. Figure 5 reveals that the orientation of LC molecules reaches the parallel direction when the heating power exceeds 200 mW. Correspondingly, the peak diffraction intensity increases with an increase of the heating power and, then, saturates at intensities exceeding 200 mW. Based on these results, we can conclude that the optically switching effect is attributed to thermal expansion.
In conclusion, this study has developed optically switchable gratings based on PDLC films doped with a guest-host dye. Experimental results demonstrate that the switching is attributed to the thermal expansion effect . FIG. 4 . The measured results of the variations of the first-order diffracted intensity of a He-Ne probe beam incident onto a grating which was heated by a cw Ar ϩ laser having a power labeled along curves with respect to the angle made between the polarization of the probe beam and the grating stripes. The grating used was the one whose morphology is depicted in Fig.  1͑d͒ .
FIG. 5. The variations of the peak angle and its corresponding peak diffraction intensity shown in Fig. 4 with respect to the heating beam (Ar ϩ laser͒ power.
